
PROPERTIES OF INTERFACED MATERIALS AND FILMS

Nitrogen Incorporation Induced Soft-to-Hard Transition
Observed in the Mechanical Properties of Amorphous Niobium
Oxide Films

C. OROZCO,1 O.R. NUNEZ,1 N.R. MURPHY,2 J.G. JONES,2

and C.V. RAMANA1,3

1.—Center for Advanced Materials Research (CMR), University of Texas at El Paso, El Paso,
TX 79968, USA. 2.—Materials and Manufacturing Directorate (RX), Wright-Patterson Air Force
Base (WPAFB), 3005 Hobson Way, Dayton, OH 45433, USA. 3.—e-mail: rvchintalapalle@utep.edu

The article covers the nitrogen incorporation induced transformation of
mechanical behavior of the amorphous Nb-oxide films. Niobium oxynitride
(Nb-O-N) films were sputter-deposited using a metallic Nb target in the
presence of oxygen and nitrogen. The nitrogen concentration in the Nb-O-N
films was varied by adjusting the nitrogen gas flow rate from 0 sccm to
10 sccm while keeping total gas flow (nitrogen + oxygen + argon) constant at
30 sccm. The surface and interface chemical characterization of the samples
indicate that, with increasing the nitrogen content, the corresponding
mechanical characteristics, namely, hardness (H) and elastic modulus (E),
increase from � 5 GPa to 15 GPa and 115 GPa to 135 GPa, respectively. The
trend observed in H and E values correlates with Nb-O and Nb-N bond for-
mation in Nb-O-N as evidenced in chemical analyses made using x-ray pho-
toelectron spectroscopy. The chemical composition measurements indicate
that nitrogen incorporation proceeds with a decrease in relative oxygen con-
tent in Nb-O-N films, where the ability to withstand mechanical deformation
is enhanced. A correlation between the processing conditions, nitrogen con-
tent, and physical/mechanical properties in Nb-O-N films is established.

INTRODUCTION

Niobium oxide (Nb2O5) exhibits interesting phys-
ical, chemical, electrical, optical, and optoelectronic
properties, which are quite useful for utilization in
energy conversion and storage devices and chemical
sensors.1–4 The excellent optical and electronic
properties, along with good chemical stability, have
led to several studies exploring Nb2O5 films for use
in solar cell technology.5,6 Nb2O5 also displays
electrochromic properties, which are useful for its
utilization in energy-efficient windows, electronic
displays, and sustainable energy applications.7–10

In addition, most recently, significant efforts were
made in the literature to realize the potential
applications of thin film and nanostructured
Nb2O5 in batteries and other electronic devices such

as memristors and chemical sensors. In addition to
Nb-oxides, niobium nitrides (Nb-N) also have shown
to exhibit excellent mechanical characteristics such
as high hardness values, melting point, and coeffi-
cient of friction leading to their use as protective
coatings and diffusion barriers.11–13 Additionally,
superconducting properties of Nb-N films were
demonstrated for application in contact devices.14

Recently, modification or tuning of the physical,
chemical, and electronic properties to obtain con-
trolled phase, stability, and morphology of Nb2O5

has been gaining importance. Specifically, anion or
cation doping of Nb2O5 has the benefit of allowing
the formation of a material that can simultaneously
exhibit the characteristics of both an oxide and a
nitride. By forming an Nb-oxynitride (Nb-O-N), it is
not only possible to tune the desired optical prop-
erties but also to combine the attractive properties
of Nb-oxides with the mechanical and electronic
properties of Nb-nitrides. In this context, theC. Orozco and O.R. Nunez have been contributed equally contributed to
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present work was focused on understanding the
effect of nitrogen incorporation on the surface and
interface characteristics and their influence on the
mechanical behavior of Nb-O-N films made by
reactive deposition.

A wide variety of physical and chemical deposi-
tion methods have been employed to fabricate thin
films and coatings of Nb-oxides, Nb-nitrides, and
Nb-oxynitrides.15–30 Early attempts to fabricate Nb-
O-N films involved methods of oxidizing Nb-ni-
tride.15,16 Later attempts were focused on the
fabrication of Nb-O-N using physical vapor deposi-
tion17 and rapid thermal processing.18 Bekermann
et al.19 fabricated Nb-O-N thin films by using
metalorganic chemical vapor deposition (MOCVD)
in order to improve step coverage of complex
substrate geometries. Nb-O-N thin films have been
directly used in several applications to improve
overall mechanical and optical behavior. Nb-O-N
films were explored for their application as Joseph-
son junctions15,16,19 and optical waveguides.20 In the
form of a bulk material, Nb-O-N has been used in
catalysis for different chemical reactions.21,22 In
addition, Nb-O-N thin films have been applied in
multilayered systems for use in biomedical applica-
tions17 and as a top layer to better resist wear and
corrosion.23 Several works by Fenker et al. investi-
gated the influence of several key parameters on the
mechanical, corrosion resistance, and optical prop-
erties of Nb-O-N. Along with the chemical compo-
sition, the film’s structure24 and method of
deposition25 were investigated to provide insight
into their effect on the mechanical and corrosion
behavior of Nb-O-N.

Our interest in Nb-based oxides and oxynitrides is
primarily due to their variability in structural and
optical properties, which can be readily utilized in
optical and photonic devices.31 In particular, the
design and development of optical filters, antireflec-
tion coatings, and photo-electrochemical cells,
where single or multilayered optical coatings play
a key role, is the impetus to consider thin film
fabrication and characterization of Nb oxides and
oxynitrides. However, in these applications, under-
standing the surface/interface chemistry and con-
trol over the phase and composition is the key to
tailor the materials’ performance. Additionally, the
structure, mechanical integrity, and optical proper-
ties are the most important parameters that dictate
the device applications. As such, the present work
was performed on the Nb-O-N thin films deposited
by DC sputtering to understand the surface and
interface science as a function of nitrogen incorpo-
ration. Specifically, efforts were directed toward the
amorphous Nb-O-N films, which can be useful for
integration into antireflection coatings and optical
filters in addition to a direct comparison with the
intrinsic and doped multivariant Nb-oxide materi-
als. The primary objective of this work is to under-
stand the kinetics of nitrogen incorporation, the
nitrogen-incorporation induced changes in the

surface/interface chemistry, and the associated
effects on physical and mechanical characteristics.
The effect of relative changes in the composition and
Nb-O/Nb-N bonds on the mechanical properties and
nitrogen-incorporation induced soft-to-hard transi-
tion in the amorphous Nb-O-N films are discussed
in this article.

EXPERIMENTAL DETAILS

Fabrication

Direct current (DC) sputtering was utilized to
fabricate Nb-O-N thin films. The films were depos-
ited onto silicon Si (100) and quartz substrates. A
50-mm niobium (Nb) target was employed to facil-
itate reactive sputtering of the thin films. The
vacuum chamber, described in detail elsewhere,31

was evacuated to a base pressure of
� 2.67 9 10�11 kPa. Plasma ignition was accom-
plished by supplying 200 W of power, from an
Advanced Energy MDX 500 DC power supply, to
the Nb-target with the sputtering source positioned
80 mm from the substrate. A reactive gas mixture
comprising oxygen and nitrogen was used in con-
junction with argon for the reactive deposition of
Nb-O-N films. The total gas flow (nitrogen + oxy-
gen + argon) was maintained constant at 30 sccm.
The flow of argon was kept constant at 20 sccm, and
the pressure was set at 2.67 9 10�4 kPa by adjust-
ing a VAT automated gate valve resulting in a
constant pumping speed of 135 L/s. The combined
reactive gas mixture flow for oxygen and nitrogen
was adjusted to a total of 10 sccm, and under the
prescribed experimental conditions, the reactive gas
mixture partial pressure remained at
1.1 9 10�4 kPa prior to plasma ignition. The reac-
tive gas flow mixture was balanced with oxygen to a
total of 10 sccm by carefully varying the nitrogen
flow. More specifically, while keeping the total
reactive gas (nitrogen + oxygen) flow always at
10 sccm, the gas flow of nitrogen was varied in
steps of 2 sccm. Thus, oxygen gas flow was balanced
to make up the total flow of 10 sccm. The resulting
working pressure, which was maintained constant
for all the depositions made, was held at
3.73 9 10�4 kPa. Deposition of the films was per-
formed at room temperature (25�C) and for a time
period of 10 min for each sample. A summary of the
conditions used for depositing the Nb-O-N films is
presented in Table I.

Characterization

X-Ray Diffraction (XRD)

X-ray diffraction (XRD) measurements were per-
formed on the samples deposited onto Si(100) by a
Bruker D8 Advance x-ray diffractometer. XRD
measurements were performed ex situ at room
temperature and as a function of nitrogen flow rate.
Since the films were potentially thin enough to
expect interaction form the substrate material,
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grazing incidence x-ray diffraction (GIXRD) was
used to avoid measuring the substrate. GIXRD
patterns were recorded with Cu Ka radiation
(k = 1.54056 Å) at a voltage of 40 kV to generate
the x-rays. The x-ray beam was fixed at a grazing
incidence of 2�, and the ‘‘detector scan’’ mode was
used to perform scanning in the 2h range of 20� to
60�. The step size and scan speed utilized for the
scans were 0.05� (2h) and 5�/min, respectively.

X-Ray Photoelectron Spectroscopy (XPS)

The chemical composition of Nb-O-N films was
determined by x-ray photoelectron spectroscopy
(XPS). The composition and chemistry, including
quantification of nitrogen uptake, was determined
using XPS. Both XPS survey and high-energy
resolution scans were obtained using a Physical
Electronics 5700 equipped with a monochromatic Al
Ka (1486.6 eV) x-ray source. Compositional analysis
was performed using survey scans at an analyzer
pass energy of 187.85 eV in a binding energy range
spanning 0 eV to 1200 eV, while a lower analyzer
pass energy of 29.35 eV was used for high-energy
resolution measurements to examine the chemistry
of the films. All spectra were charge calibrated with
respect to the adventitious carbon 1-s transition at a
binding energy of 284.6 eV. High-energy resolution
scans of were fit with 30% Gaussian 70% Lorentzian
line shapes following Shirley background subtrac-
tion. XPS data were processed and fit using the
CasaXPS 2.3.16 software package.32 Core-level
transitions analyzed in this study include Nb 3d,
C 1s, O 1s, and N 1s. Note that particulate emphasis
is placed on the response of the Nb 3d and N 1s
transitions. To limit the degrees of freedom present
in the fits, the spacing between Nb 3d5/2� and 3d3/2

transitions was constrained at 2.8 eV with an area
ratio of 3:2. Inert gas sputtering was used for the
removal of contamination layers resulting from air
exposure using Ar+ with a beam energy of 4 keV and

a raster size of 3 mm by 3 mm using a cycle time of
0.3 min.

Nano-mechanical Characterization

Nano-indentation was performed on samples
deposited on Si(100) substrates to obtain the
mechanical characteristics of Nb-O-N films. Using
a Hysitron TI 750 TriboIndenter, the hardness (H)
and elastic modulus (Er) were determined using the
technique outlined by Oliver and Pharr.33 Load
control nano-indentation was performed with a
Berkovich tip with a 396-nm radius of curvature.
A maximum load of 200 lN was used to penetrate
depths of 10 nm to 20 nm in order to avoid
contribution from the substrate material. Indenta-
tion was performed at 12 separate points on each
sample, and the results averaged, to improve the
accuracy of the results.33,34 The load versus dis-
placement curves and indentation patterns are
correlated with the original probe calibration sheet
that is supplied with each probe. The elastic mod-
ulus (Er) can be calculated by finding the stiffness
(S) of the film using the relation:33

Er ¼
ffiffiffi

p
p

2

S
ffiffiffiffi

A
p ð1Þ

where A is defined as the area of contact at peak
load. To find the hardness, the same value for the
area of contact is used along with the maximum
load (Pmax) in:

H ¼ Pmax

A
ð2Þ

The final statistical average of the H and Er

values calculated were considered to further assess
the material’s mechanical behavior as a function of
deposition conditions of Nb-O-N films.

RESULTS AND DISCUSSION

GIXRD patterns for Nb-O-N thin films, as a
function of nitrogen flow rate, are presented in
Fig. 1. The GIXRD patterns reveal that the films

Table I. Reactive sputtering parameters employed
for the deposition of Nb-O-N films

Physical parameter Set value

Base pressure � 3.67 9 10�8 kPa
Sputtering power 200 W
Processing gases Ar, N2, O2

Substrates Silicon and quartz
Deposition temperature Room temperature (25�C)
Target-to-substrate distance 8 cm
Total gas flow 30 sccm (constant)
Ar gas flow 20 sccm (constant)
N2 gas flow 0–10 sccm (variable)
O2 gas flow 0–10 sccm (balanced)
Working pressure 3.73 9 10�4 kPa
Pumping speed 135 L/s
Deposition time 10 min
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Fig. 1. XRD patterns of Nb-O-N films. The diffuse patterns without
any peaks indicate the amorphous nature of all the Nb-O-N films.
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are amorphous in nature as there are no diffraction
peaks to indicate crystalline growth. Since no
additional thermal or electrical energy was supplied
in the form of substrate heating and voltage bias,
respectively, the films did not have sufficient energy
to promote phase formation. Similar results have
been observed for Nb-O-N thin films grown without
additional supplied energy.24,28,30 Furthermore, the
formation of amorphous of Nb-O-N films due to lack
of either thermal or electrical energy is in agree-
ment with several other reports, where an amor-
phous structure is noted for Nb-oxides, W-oxides,
W-O-N, and W-Ti mixed oxide thin films.35–39

X-ray photoelectron spectroscopy data were used
to obtain the chemical composition and chemical
state of the elements present in the Nb-O-N films.
The XPS survey spectra of Nb-O-N films deposited
under variable nitrogen flow rates are shown in
Fig. 2. As noted in Fig. 2, the main constituents of
the films are Nb, O, N, and C. The carbon peak in
the XPS spectra is due to adventitious carbon from
exposure to air after fabrication, before being placed
in the XPS system. Therefore, the spectra is cali-
brated to the C 1s peak at a binding energy (BE) of
284.6 eV. However, sputtering the superficial layer
with Ar+ ions fully eliminated the C 1s peak in the
survey scans (not shown), which is a clear indication
that the carbon is a result of adsorbed species on the
film surface due to air exposure from the trans-
portation of the films from the sputtering chamber
to the analysis chamber. Interestingly, the N 1s
peak is only detected for a nitrogen flow rate of ‡ 6
sccm. The evolution of N 1s peak in survey spectra is

shown with marked dotted lines (Fig. 2). This
observation is not surprising since, like other nio-
bium oxynitride films24,25,29 and similar to nitrogen
doped oxides,38,39 nitrogen incorporation does not
take place right away or until the required nitrogen
flow rates and partial pressures are achieved. Thus,
the XPS survey results displayed in Fig. 2 indicate
that nitrogen incorporation does not take place in
the Nb-oxide samples deposited with £ 6 sccm of
nitrogen flow. A more detailed account of the
chemical state analysis of Nb, N, and O has been
performed considering the high-resolution scans of
core level XPS.

The core-level XPS data of Nb and N are pre-
sented in Figs. 3 and 4, respectively, where the
binding energy (BE) position and evolution of the
Nb 3d and N 1s peaks as a function of nitrogen flow
rate are presented. The Nb 3d exhibits the charac-
teristic doublet, due to spin–orbit splitting, namely
the Nb 3d5/2 and Nb 3d3/2 peaks at � 207.18 eV and
� 209.90 eV, respectively. The binding energies of
the 3d transitions, along with the spin–orbit split-
ting (DE(Nb 3d)) of 2.72 eV, characterizes the Nb
ions in their highest oxidation state (Nb5+) corre-
sponding to the formation of Nb2O5.19,40 It can be
seen that no significant changes are observed with
increasing nitrogen flow up to 6 sccm; at which
point, there appears an additional component is
evolved. For nitrogen gas flow rates < 6 sccm, the
BE of the 3d5/2 and 3d3/2 peaks and DE(Nb 3d) were
still within the range commonly reported for the
Nb5+ valence state corresponding to Nb2O5. How-
ever, as the nitrogen flow increases above 6 sccm, an
additional component evolves at a lower binding
energy with Nb 3d5/2 and 3d3/2 peaks at binding
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Fig. 2. XPS survey spectra of Nb-O-N films. The peaks due to Nb,
O, N, and C present in the samples are indicated. The C 1s peak is
due to the adventitious carbon present on the sample surface, and it
is due to sample handling.
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Fig. 3. Nb 3d core-level XPS data of Nb-O-N films. The evolution of
the peak with increasing nitrogen content can be noted.
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energies of 205.5 eV and 208.4 eV, respectively. The
BE of the low binding energy component is analo-
gous to Nb-N bond formation, resulting in a binding
energy shift of � 1.6 eV. It is important to note that
these lower BE components evolve while peaks
corresponding to Nb2O5 are still evident. This is a
clear indication of the fact that once nitrogen starts
reacting with effective incorporation into the result-
ing sample, a mixture of Nb-O and Nb-N bonds
exists, which is characteristic of the formation of
Nb-O-N compound. Further increases in nitrogen
flow rate introduce additional complexity of Nb peak
resulting from a further increase in nitrogen lead-
ing to substantial chemical changes in the films. For
instance, for samples deposited at a nitrogen flow
rate of 10 sccm, a third component is evident at a
much lower BE. For 10 sccm of nitrogen, the 3d5/2

peak is located at a lower BE of 203.9, likely
corresponding to a heavily reduced Nb-O-N species
approaching metallic Nb. Further evidence for such
higher reduction leading to metallic nature upon
nitrogen incorporation is seen in mechanical char-
acteristics, which are discussed in subsequent
sections.

The N 1s peak (Fig. 4) as a function of nitrogen
gas flow rate also indicates the characteristic chem-
ical bonds formation related to nitrogen in Nb-O-N
films upon nitrogen incorporation. The trend
observed is similar to Nb 3d and supports the fact
that the nitrogen incorporation leading formation of
Nb-O-N films is not effective until the nitrogen flow
rate is ‡ 6 sccm. No peaks were observed and no

changes are seen in the N 1s peak region until the
nitrogen flow rate is greater than 6 sccm. However,
the characteristic peaks corresponding to nitrogen
formation appears only when the nitrogen flow rate
exceeds 6 sccm.

Corroborating with XPS analyses, Rutherford
backscattering measurements (not shown) also indi-
cate that the nitrogen incorporation is not very
effective for the set of nitrogen flow rates at< 6
sccm. At higher nitrogen flow rates, an increase in
the nitrogen concentration is noted confirming the
formation of Nb-O-N films. Incorporation of nitro-
gen content in the films is accompanied by a
decrease in oxygen content. Thus, the chemical
composition analyses allowed for accurate determi-
nation of at.% of Nb, O, and N in the films are
presented in Fig. 5. First of all, it must be empha-
sized that the trend observed and data confirm that
the nitrogen incorporation and formation of Nb-O-N
is not effective until the nitrogen flow rate is > 6
sccm. Based on the chemical analyses, the compo-
sition of the Nb-O-N films, as the nitrogen flow rate
is increased, is represented by the following
sequence: NbO2.50 fi NbO2.52 fi NbO2.50 fi

NbO1.94N0.45 fi NbO1.37N0.67. The observed
chemical composition changes and formation of
Nb-O-N films can be understood from thermody-
namic considerations. If the heats of formation from
thermo-chemical data of the respective oxide and
nitride compounds of Nb are considered, it is
evident that he thermal energy required for the
formation of Nb2O5 (DHf = � 1905 kJ/mol) is more
favorable compared to the heats of formation for Nb-
nitride compounds.24,25,29,40

It is anticipated that the aforementioned surface/
interface chemical changes in terms of nitrogen
incorporation and mixture of Nb-O and Nb-N bonds
will affect the mechanical characteristics, especially
the surface hardness and elastic modulus, of the Nb-
O-N films. The results obtained from nano-indenta-
tion measurements are shown in Fig. 6, where
variation in the hardness and elastic modulus with
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Fig. 4. Nitrogen 1s core-level XPS data of Nb-O-N films. The
evolution of the peak with increasing nitrogen content can be
noted. The absence of this peak for Nb-O-N samples deposited at
lower nitrogen gas flow rates indicate that the nitrogen incorporation
takes place only at certain conditions.
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Fig. 5. Chemical composition of Nb-O-N films as a function of
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O-N films.
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nitrogen flow rate is presented. The well-known
Oliver and Pharr method33 has been employed to
calculate the mechanical characteristics; known
geometry and mechanical properties of the indenter
were used in the calculation. The trend in hardness
and elastic modulus with increasing nitrogen flow
rate in Nb-O-N films is very clear. Hardness values
for Nb-O-N films ranged from � 5.74 GPa to
13.15 GPa, which are similar to those reported in
the literature.24,25 Additionally, the variation of
hardness values with nitrogen flow rate directly
correlates to the chemical changes as noted in
chemical analyses. The hardness values of the Nb-
O-N films deposited without any nitrogen are rather
low (5 GPa to 6 GPa), which is expected since those
films are ceramic, brittle Nb2O5. Interestingly, the
hardness values stay low until the nitrogen flow
rate is > 6 sccm. We believe that this is due to the
fact that there is no effective nitrogen incorporation
and the samples are mostly Nb-oxide (Nb2O5) films;
therefore, no net effect on the hardness of the
samples is observed as there is no changes in
chemical bonds. However, hardness enhancement
is evident (Fig. 6) once the nitrogen incorporation is
effective leading to formation of Nb-O-N films,
where there is a mixture of Nb-O and Nb-N bonds
as revealed by the chemical analyses. A progressive
increase in nitrogen content in the films is seen to
increase the hardness close to � 16 GPa. Thus, the
trend observed in hardness and elastic modulus
values of the Nb-O-N films directly correlate with
the chemical composition changes, i.e., nitrogen
content increase in the films as a result of Nb-
oxynitride formation. Note that the hardness is
related to the bonding between the atoms and to the
ability of the bonds to withstand deformation.38,39

Also, nitrides exhibit the ability to withstand defor-
mation more than the oxides. Therefore, the
observed increase in hardness values must be due
to the formation of Nb-oxynitride films, where the
nitrogen-incorporation induced Nb-N bonds are
effective in promoting the mechanical characteris-
tics of Nb-O-N films. Similar to hardness values,
elastic modulus values also exhibit the similar
trend. However, the elastic modulus values increase
slightly for intermediate range of nitrogen gas flow

rate (4 to 6 sccm) and then finally attains higher
values at higher nitrogen flow rates. Despite the
fact that the hardness and elastic modulus values
increase with increasing nitrogen flow rate due to
films becoming oxynitride, the values determined
for Nb-O-N films even for the highest flow rate
employed in this work are significantly lower com-
pared to traditional values of the nitrides. In
particular, the relatively low hardness values may
be due to the amorphous structure of the Nb-O-N
films. Note that the GIXRD analyses indicate that
all the Nb-O-N films produced are amorphous in the
entire range of nitrogen flow rates. As reported by
several authors and widely accepted in the litera-
ture, mechanical properties decrease when the film
exhibits an amorphous structure and also when the
internal stresses in the films become relaxed.38,39

For instance, as demonstrated by Dubey et al., the
magnitudes of hardness and Young’s modulus are
directly related to the structure. In their work, it
was shown that the hardness and elastic modulus
decreases when the film becomes amorphous
because of the lack of hindrance to dislocation
movements that grain growth tends to promote.39

CONCLUSION

Amorphous Nb-O-N thin films were deposited with
the use of DC sputtering by varying the ratio of
reactive gases while maintaining a flow rate of 10
sccm and keeping the total gas flow at 30 sccm.
Chemical analyses revealed that no significant nitro-
gen incorporation occurs in Nb-O-N films for reactive
nitrogen gas flow rates £ 6 sccm. Beyond a nitrogen
flow rate of 6 sccm, the electronic structure of the
films was modified with the existence of both Nb-O
and Nb-N bonds leading to the formation of Nb-O-N
films. Mechanical characterization showed a strong
dependence on the nitrogen content and/or Nb-N
bonds in the Nb-O-N films. Hardness and elastic
modulus of Nb-O-N films was determined to be the
highest (� 13.15 GPa) for Nb-O-N films with highest
nitrogen content. The results demonstrate a soft-to-
hard transition in the mechanical behavior of Nb-O-
N films, where the hardness and elastic modulus
becomes substantially higher when nitrogen content
in the films dominate. Such films may be useful to
design antireflection coatings and functional compo-
nent layers in solar cells on flexible substrates.
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